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 i g  h  l  i  g  h  t  s
An  integral  energy  balance  was  derived  for  the  MANOTEA  facility.
A  second  equation  was  derived  which  frames  transients  in  terms  of  inventory  alone.
Both  equations  were  implemented  and  showed  good  agreement  with  experimental  data.
The  equations  capture  the physical  mechanisms  behind  MANOTEA  transients.
Physical  understanding  is  required  in  order  to  properly  model  these  transients  with  TRACE.
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a  b  s  t  r  a  c  t
Rapid-condensation-induced  fluid  motion  occurs  in several  nuclear  reactor  accident  sequences,  as  well  as
during normal  operation.  Modeling  these  events  is central  to our  ability  to regulate  and  ensure  safe  reactor
operations.  The  UMD-USNA  Near  One-dimensional  Transient  Experimental  Apparatus  (MANOTEA)  was
constructed  in  order to create  a  rapid-condensation  dataset  for subsequent  comparison  to  TRACE  output.
This paper  outlines  a derivation  of  the  energy  balance  for the  facility.
A path  integral  based  on  mass  and energy,  rather  than  fluid  mechanical,  considerations  is  derived  in
order  to characterize  the physical  mechanisms  governing  MANOTEA  transients.  This  equation  is  further
simplified  to  obtain  an  expression  that  frames  transients  in  term  of liquid  inventory  alone.  Using data
obtained  from  an  actual  transient,  the  path  integral  is  implemented  using  three variables  (change  in
liquid  inventory,  liquid  inventory  as  a  function  of  time,  and  change  in metal  temperature)  to  predict
the  outcome  of a fourth  independently  measured  variable  (condenser  pressure  as  a  function  of  time).
The  implementation  yields  a very  good  approximation  of  the  actual  data.  The  inventory  equation  is also
implemented  and  shows  reasonable  agreement.  These  equations,  and  the  physical  intuition  that  they
yield, are  key  to  properly  characterizing  MANOTEA  transients  and  any  subsequent  modeling  efforts.. Introduction
Reactor safety research directed at clarifying Small Break Loss of
oolant Accidents (SB-LOCAs) became a major focus of effort in the
ftermath of Three Mile Island. Numerous experiments have been
erformed to address various aspects of the phenomena occurring
uring these accidents. Abramson (1985) proposed a classification
or the entire range of SB-LOCA events and describes in general
erms the various phenomena that occur during a gradual loss
f primary inventory. The series of events encountered during a
ransient is sometimes termed a ‘transient sequence’. Duffey and
ursock (1987) analytically described the phenomena in terms
f flow characteristics. These studies present the development
f a transient in terms of gradual variations in fluid mechanical
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properties such as pressure, phase separation, or flow rate –
essentially describing transients in terms of ‘states’ (in the thermo-
dynamic sense). Data from Semiscale (Loomis, 1987), Flecht-Seaset
(Hochreiter, 1985) and LOFT (Nalezny, 1985) reinforced the use-
fulness of this approach. However, it should be noted that these
facilities were originally designed to analyze large break transients
during which fluid inertia effects dominate. MIST (Geissler et al.,
1987) and the UMCP Thermal-hydraulic Loop (Hsu et al., 1987) –
which were designed to simulate small break transients – found
that this approach is not necessarily useful for the characterization
of integral systems in which fluid inertia effects are small.
Based on observations made at the UMCP facility, Di Marzo
et al. (1988) re-classified the phenomena based on mass and energy
transport, rather than fluid mechanical, criteria. Furthermore, they
suggested that such analysis might be better suited for predict-
ing transient sequences in general. In a separate work, di Marzo
and co-workers showed that a portion of an SB-LOCA is controlled
by rapid condensation occurring near saturation conditions (Wang
A. Pollman, M. di Marzo / Nuclear Engineering
Nomenclature
DPHE double-pipe heat exchanger
EZNFXXYYEZNF bete nozzle designator, XX: diameter, YY:
spray geometry; IDinner diameter
SB-LOCA small break-loss of coolant accident
MANOTEAUMD-USNA Near One-dimensional Transient
Experimental Assembly
NRC Nuclear Regulatory Commission
RELAP Reactor Excursion & Leak Analysis Program
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tition dictates condenser pressure, while vaporization rate dictates
boiler pressure. During scoping experiments, it was verified that
the vaporization rate in the boiler is always sufficient to allow
transients to progress unhindered. This observation, and knowing proportionality constant
t al., 1992). These works highlight the integral nature of an SB-
OCA, meaning the current state is the cumulative result of all the
revious states encountered in sequence. Furthermore, the tran-
ient chronological scale is dictated by how much inventory has
eft the system.
Rapid condensation induced fluid motion is not limited to SB-
OCAs, but occurs in numerous other accidents sequences and
perating situations. Block (1980), Bankoff (1980), and Kirchner
nd Bankoff (1985) each wrote overview papers summarizing
umerous condensation induced fluid motion relevant to reactor
perations.
The UMD-USNA Near One-dimensional Transient Experimental
ssembly (MANOTEA) is an integral, rapid-condensation facil-
ty in which inventory is gradually transferred from a boiler to
 condenser during a transient (Pollman, 2011; Pollman and di
arzo, 2012). The facility was designed and built to create a
apid-condensation dataset for subsequent comparison to output
rom the TRAC (Transient Reactor Analysis Code)/RELAP (Reactor
eak Analysis Program) Advanced Computational Engine (TRACE)
lug-in to the Nuclear Regulatory Commission’s (NRC’s) Symbolic
uclear Analysis Package (Pollman et al., 2012).
In this paper, we derive a path integral based on the energy
artition concept described in our previous work (Pollman and
i Marzo, 2012). This derivation highlights the integral nature of
he MANOTEA facility and reinforces the validity of framing tran-
ient behavior in terms of mass and energy considerations. It also
emonstrates the legitimacy of using the energy partition con-
ept to capture and characterize the physical mechanisms behind
 MANOTEA transient. and Design 265 (2013) 1124– 1130 1125
2. Facility description & operation
Fig. 1 is a simplified schematic showing the major components
of the MANOTEA facility and the progression of a transient from ini-
tial conditions to natural termination. The facility has three major
components: a vertical boiler pipe (6.40-m tall, 0.0762-m ID, insu-
lated carbon steel pipe with a 1-kW heater fixed in the base), a
vertical double-pipe countercurrent heat exchanger (DPHE) (6.40-
m tall, 0.0254-m jacket ID, 0.00635-m copper tube pass-thru ID),
and a vertical condenser pipe (6.40-m tall, 0.0762-m ID, insulated
steel pipe with a 1-kW heater fixed in the base and a nozzle fixed
to the end of the copper tubing which runs from the base of the
boiler pipe through the DPHE and terminates in the upper end of the
condenser pipe). Each pipe has a volume of about 29.2-L (0.0292-
m3). Detailed balance of plant and instrumentation information is
available in Pollman (2011), but beyond the scope of the present
discussion.
A typical transient begins with a fixed amount of liquid (29.2-L)
in the boiler pipe and enough water to ensure the heating element
in the condenser pipe is covered (3.80-L). Both pipes are heated
to, and then maintained at, predetermined initial conditions. At
this point, heaters are turned off, secondary water is allowed to
flow from top to bottom in the double-pipe heat exchanger, and a
solenoid valve at the top of the condenser pipe is opened to initiate
the transient. Warm,  single-phase inventory exits the bottom of the
boiler, enters the bottom of the double-pipe counter-current heat
exchange and travels upward via the copper tubing. Highly sub-
cooled liquid exits the DPHE and enters the top of the condenser
where it is sprayed into the vapor space via nozzles of various size
and geometry. The transient is allowed to continue until it self-
terminates. Final inventory and transient duration are dictated by
nozzle size and geometry. Liquid mass leaving the boiler will always
be equal to the liquid mass entering the condenser. Exact initial con-
ditions, final inventory data, and detailed experimental procedures
are outlined in Pollman (2011), but these details are not needed for
the present discussion.
Regardless of nozzle size or geometry, every transient is con-
trolled by a competition between the energy stored in the metal
masses of the condenser wall and the enthalpy of the incoming
spray. When a jet nozzle is used, the majority of the incoming (neg-
ative) enthalpy is dedicated to collapsing the vapor space. When a
fan nozzle is used, a portion of the incoming enthalpy collapses
vapor and the balance goes to changing the internal energy of the
condenser wall via spray cooling. We  call this effect the energy
partition.
Inventory flow rate is governed by the pressure difference
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he temperature of the incoming spray, allows us to perform an
nergy balance and characterize the transient by investigating the
ondenser pipe alone.
. Derivation of integral energy balance
Fig. 2 is a schematic of the condenser pipe and depicts the control
olume that will be used to derive an energy balance equation for
 MANOTEA transient.
Treat the spray entering the condenser pipe as a column of liq-
id that falls into the pool and manages not to hit the wall. Steam
s a poor thermal conductor, so little vapor is generated by direct
ontact at the periphery of the falling liquid column. Nonetheless, a
mall amount of steam in the vapor space will condense on the sur-
ace of the liquid column and warm it during the descent. Assume
his mass is negligible, and the warming is negligible. The liquid
nventory increases as the spray continues and the amount of wet-
ed metal continues to increase. For now, let’s assume that the
ncoming spray cools and mixes the pooled liquid. Liquid water
s a much better thermal conductor than steam, so the majority of
he energy stored in the metal mass is conducted to the liquid pool
nd warms it.
Allowing for these assumptions, we draw a deformable con-
rol volume, similar to the way energy balances are commonly
erformed for reactor pressurizers (Massoud, 2005), around the
ooled liquid in the bottom of the condenser pipe. Then, we  write








= qm + qsp (1)











= qm + qsp (2)However, energy/time in the metal wall, qm = mmcmdTm/dt and
nergy/time of the cool incoming spray, qsp = (dmsp/dt)csp (Tsp).
ig. 2. Schematic drawing of control volume used to derive integral energy balance
ased on the energy partition. and Design 265 (2013) 1124– 1130
Substituting these expressions into the right-hand-side (RHS) of



















Rapid-condensation in the MANOTEA condenser occurs at or
very near saturation conditions, and the pooled water is in a sat-
uration condition. For TL = Tsat, Clausius–Clapeyron states (Moran
and Shapiro, 2000): (dp/dT)sat = /(RT2/p). This expression can be
re-arranged to obtain: dTL/dt = (dp/dt)(RT/)(TL/p). Although non-
standard, writing it in this form makes analysis and eventual






















Factoring the negative sign out of the expression on the RHS  of















dt + (dmsp/dt)csp(TL − Tsp)
]
(5)
Re-arranging Eq. (5) in order to isolate pressure terms on the

















dt + (dmsp/dt)csp(TL − Tsp)
]
(6)
Noting that csp = cL and re-arranging in order to group metal and

































Ignoring any evaporation at the spray periphery, the mass bal-
















Let (mmcm/LcLTL) = M (keeping in mind that TL = Tsat and is

















From the experimental data: Tsp ∼ 295 K, TL = Tsat ∼ 340 K (an
average temp), making: (1 − Tsp/TL) = 0.132. From data, the experi-
ments physical dimensions, and tables, we observe: M ∼ (83.0 kg)
(0.490 kJ/kg K)/(983 kg/m3) (4.19 kJ/kg K)(340 K) = 2.9E − 5 and
/RT = 13.3. Letting p/po = P, and substituting constant values into





This equation is true if the metal can be treated as a lumped
capacitance. If Bi > 0.1, then the metal term would require mod-
ification. This modification involves invoking an approximate,
truncated infinite series solution (Incropera and Dewitt, 2002;
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eometries and can be implemented in Eq. (10) by multiplying the






A closed-form, analytic solution is available for equations of
his type (Kreyszig, 2006). However, leaving it in this form has
he advantage of allowing the contribution due to the metal and
ontribution due to the spray to be plotted separately if desired,
hus giving physical meaning to the energy partition concept used
y Pollman et al. (2012). Eq. (11) is essentially a path or line
ntegral. This equation highlights the integral nature of the MAN-
TEA facility. The equation tells us that MANOTEA transients are
path dependent” and cannot be properly described or predicted
y thermal-dynamic initial and final states (it matters how the
acility gets from one state to the next). Furthermore, the effects
nd phenomena involved in MANOTEA transients are cumulative in
ature. Eq. (11) suggests that interplay between the metal contribu-
ion and spray contribution terms will govern condenser pressure
nd ultimately dictate transient duration and total inventory trans-
er.
Contribution from the spray term will vary with nozzle geom-
try. The volume of the metal and initial liquid inventory was
xed for all MANOTEA experiments. When metal mass contribu-
ion is overwhelmed by the spray contribution, vapor condenses
nd pressure in the condenser pipe plummets. This happens for
ll MANOTEA transients. When metal mass dominates over spray,
ressure in the condenser pipe will increase and prevent the tran-
ient from initiating. This happens for some smaller nozzles (EZNF
400 or smaller) used during scoping experiments (Pollman, 2011).
n this manner, a transient can be viewed as a competition between
he metal and spray contributions to the energy balance. Nozzle
eometry and the subsequent energy partition are useful, if not
ssential, to understanding the physics behind MANOTEA behavior
nd properly model these transients.
Eq. (11) will be implemented and compared to experimental
ata in the following section. However, the equation can be further
implified with a few assumption and approximations. The motiva-
ion for doing so is to eliminate time and formulate an equation that
an be directly compared to our fundamental comparison Pollman
nd di Marzo, 2012, Pollman et al., 2012. Inspection of Fig. 5 reveals
hat the dTm/dt term is on the order of ∼12/1000 or 0.012. Simi-
arly, inspection of Fig. 4 suggests that the dVL/dt term in on the
rder of ∼20/1000 or 0.02. Plugging these values into Eq. (11) and
nspecting the metal and spray terms reveals that the metal term
s 4 or 5 orders of magnitude smaller than the spray term. Further-
ore, if the metal term were integrated and evaluated, its value
ould range from ∼0.9999 to 1.0000, which from an engineer-
ng and analysis standpoint are identical values. Thus, the metal
erm can be taken to be equal to 1 or simply ignored, whichever






The dt terms in Eq. (12) can be canceled, and we  can write:
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Eq. (14) illustrates transient dependence on volume transferred
alone. Much like actual reactor transients, for MANTOEA transients,
the fundamental consideration at any given time is how much liq-
uid has been transferred. Eq. (14) is implemented and compared to
the fundamental comparison (Pollman et al., 2012) in the following
section.
4. Equation implementation & discussion
4.1. Time-dependent path integral equation
With the aid of a spreadsheet program, Eq. (11) can be imple-
mented to predict condenser pressure as a function of time using
MANOTEA mass balance and temperature data. Basically, if the
derivation is correct, we can use three independently measured
experimental parameters to predict a fourth. If the subsequent pre-
diction matches experimental observation, Eq. (11) can reasonably
be assumed to be a valid model of the competition between the
metal condenser wall and the incoming spray.
The dVL/dt term in Eq. (11) is obtained from a plot of the instan-
taneous volumetric (spray) flow rate as a function of time. Fig. 3 is
an example. Note, the transient self-terminates at approximately
1100-s. This plot was  generated by applying the manufacturer’s
nozzle equation for single phase liquid using data gathered with a
differential pressure cell (Pollman, 2011).
The VL term in Eq. (11) is obtained by summing the instanta-
neous volumetric flow rate over time. The result is shown in Fig. 4.
In this case, total condenser inventory at transient termination is
approximately 25-L.
The dTm/dt term in Eq. (11) is obtained by first applying a curve
fit to condenser wall temperature data at multiple axial locations
over the length of the pipe. Once this function is obtained, the
desired parameter can be obtained by taking the first derivative.
An example of a curve fit for a single axial location is shown in
Fig. 5.
 could potentially be inferred from the experimental data.
However, this is considered tedious and beyond the scope of the
present discussion. The explicit purpose of this energy derivation is
simply to prove understanding of the physics involved during tran-
sient progression and give validity to the idea of framing MANOTEA
transients in terms of the an energy partition.
Fig. 6 is an implementation of Eq. (11), with  = 1, using data
from an actual MANOTEA transient.
As implemented, the model is qualitatively similar for
de-pressurization of the condenser pipe, but the slight re-
pressurization observed at the termination of all MANOTEA
transients is not captured. The source of this discrepancy is twofold.
In reality, the assumption that the pool was  well mixed is not
valid. With the aid of Locke (1992), Pollman (2011) showed that
the pooled water in the condenser is in an impeded regime. This
condition implies that the pooled condenser liquid is not free to
mix. This effect contributes to the stratified condenser tempera-
ture profiles noted during MANOTEA transients (Pollman and di
Marzo, 2012). In addition, Eq. (11) does not capture the effects of
the small quantity of non-condensable gases known to enter the
condenser from the DPHE at transient initiation. In spite of these
shortcomings, Eq. (11) is still a very good approximation.
4.2. Volume-dependent equation implementation
Fig. 7 is an implementation of Eq. (14) using the information
contained in Fig. 4.Much like Eq. (11), Eq. (14) is qualitatively similar and within
estimated experimental uncertainty for de-pressurization of the
condenser pipe. However, the re-pressurization phase is still
absent for the same reasons mentioned earlier. In spite of these
1128 A. Pollman, M.  di Marzo / Nuclear Engineering and Design 265 (2013) 1124– 1130






Fig. 4. Condenser liquid i
hortcomings, implementation of Eq. (14) reinforces the observa-
ion that MANOTEA transient are inventory dependent, and is still a
ood approximation of the fundamental comparison used for mod-
ling MANOTEA with TRACE (Pollman et al., 2012).
Fig. 5. Curve fit of an upper condenser wall temperature profile. dTory as a function of time.
Both derivations, and their subsequent implementation, are
meant to demonstrate that the physics behind transient behavior is
well understood, and that transient behavior can be predicted with
“back-of-the-envelope calculations”. In addition, these derivations
m/dt is obtained by taking the first derivative of the curve fit.
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Fig. 7. Implementation of Eq. (14
einforce the integral nature of the MANOTEA facility and vali-
ate the technique of framing transients in terms of the mass and
nergy considerations. Understanding the energy partition concept
ecomes important for proper modeling of the MANOTEA facility
ith TRACE (Pollman et al., 2012).
. Summary
A path integral based on mass and energy, rather than fluid
echanical, considerations was derived in order to characterize
he physical mechanisms governing rapid-condensation transients
erformed at the MANOTEA facility. Simplifying the path integral
ielded a second equation that frames transient behavior in terms
f liquid inventory. The equations revealed the integral nature of
ANOTEA transients and reinforced the utility of framing transi-
nts in terms of energy considerations.
The path integral corroborates our previous use of an energy
artition to describe transient behavior (Pollman and di Marzo,
012; Pollman et al., 2012). The equation related transient behavior
o the energy partition: a competition between the stored energy in
he metal condenser walls and the individual portions of the incom-
ng (negative) spray enthalpy that go toward cooling the wall orpared to the experimental data.
collapsing the vapor space, respectively. Using data obtained from
an actual transient, the path integral was implemented using three
variables (change in liquid inventory, liquid inventory as a function
of time, and change in metal temperature) to predict the outcome
of a fourth independently measured variable (condenser pressure
as a function of time). The implementation yielded a very good
approximation of the actual data observed during the experiment.
An inventory-dependent equation was also implemented and
showed reasonable agreement with experimental data.
Rapid condensation induced fluid motion occurs in several
nuclear reactor accident sequences, as well as during normal oper-
ation. Modeling these events is critical to our ability to regulate
nuclear reactor design and operations. The equations, and physi-
cal understanding that they yield, are central to modeling of the
MANOTEA facility with TRACE by Pollman et al. (2012).
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